tortuosity rose from a normoxic value of 1.66 to 1.99 in thick slices. However, tortuosity dropped to 1.54 when dextran (70,000 molecular weight) was added to the bathing medium.
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Summary: An unexpected decrease of extracellular space (ECS) tortuosity was recently reported in thick (1000 fLm) isch emic slices using radiotracers. The current study shows that the tortuosity in thick slices from rat neocortex can increase or decrease depending on experimental conditions, whereas ECS volume fraction remains diminished to approximately 10%.
Using diffusion of tetramethylammonium, it was found that Ischemic insult triggers a cascade of ionic and meta bolic events leading to activation of multiple signal transduction pathways and results ultimately in severe neuronal dysfunction and cell death (Dirnagl et aI., 1999) . Many of these dramatic changes occur in the ex tracellular space (ECS), which shrinks and impedes dif fusion of ions and molecules as a response to ischemic insult. Diffusion of substances through the ECS is af fected by the volume available for movement of mol ecules, the hindrance imposed by cellular elements, and, possibly, the extracellular matrix. Available volume, measured as volume fraction, a, is equal to the propor tion of the total tissue occupied by the ECS. The overall effect of diffusion barriers in the ECS is measured as the tortuosity, A (Nicholson and Phillips, 198 1) . Some dif fusing molecules are lost from the ECS; this process is characterized by an uptake parameter, k' (S-I ) (Nicholson and Phillips, 198 1; Nicholson, 1992) .
The three ECS parameters-a, A, and k' -are known to be severely altered in in vitro models of ischemia and during anoxia in vivo (Nicholson and Sykova, 1998) . The general trend in these pathologies is that A increases while a decreases. Unexpectedly, Patlak et al. (1998) reported a quite unusual finding in thick slices (1000 /-Lm) that model the ischemic penumbra (Newman et al., 1988) . Using several radiotracers, Patlak et al. (1998) found that in thick slices A decreased lower than values in normal, nonischemic brain slices. This paradoxical discovery prompted us to examine the diffusion proper ties of the ECS in thick slices with the TMA + (tetrameth ylammonium) method. This method measures a, A, and k' in a completely different way from that used by Patlak et al. (1998) , and therefore provides an independent test of the former study with radiotracers.
In contrast to Patlak et aI., (1998) , we found that A increased while a and k' decreased in thick slices com pared with normoxic 400 /-Lm slices, which was also seen when slices were made anoxic (Perez-Pinzon et aI., 1995) . We noted, however, that Patlak et al. (1998) had added 70 kDa dextran to the medium bathing their slices. When dextran was added to the slice bath, A did indeed decrease, whereas a did not increase, thus confirming the paradoxical finding of Patlak et al. (1998) and providing new insight into the origin of the effect.
MATERIALS AND METHODS
Rat brain slices
Brain slices were prepared from adult Sprague-Dawley fe male rats (200 to 250 g) anesthetized with sodium pentobarbital (65 mg kg-I, IP). After removal, the brain was cooled with ice-cold artificial cerebrospinal fluid (ACSF). Coronal sections 1000-and 400-fLm-thick were cut using a vibrating blade mi crotome (VT 1000 S; Leica Instrument GmbH, Nu/3Joch, Ger-many) and incubated at room temperature in ACSF using the following composition: 115 mmollL -I NaCl, 5 mmollL-1 KC1, 
Ion selective microelectrodes and iontophoretic microelectrodes
Ion selective microelectrodes (ISMs) for measuring TMA + were prepared from double-barreled theta glass (Nicholson, 1993 NaCl) or in cortex and were acquired using a high impedance, low leakage current, buffer amplifier and low-pass active filters connected to an AID converter. After acquisition, an appropri ate solution to the diffusion equation (Nicholson, 1993) was fitted to the data. From the agar diffusion curves, the fitting procedure extracted the transport number, n, of the iontopho retic micropipette and free diffusion coefficient, D (cm1s-I), whereas the apparent diffusion coefficient, D* (cm 2 s-I), vol ume fraction, ex, and nonspecific uptake, k' (S-I), were obtained from brain data. The tortuosity, x., was then calculated as (DID*) 05 .
Effect of dextran on calculations of D and A
To determine whether dextran was likely to be in the center of the slices after typical incubation times, an appropriate dif fusion equation (equation 4.17; Crank, 1975) 
RESULTS
Diffusion parameters in normal and thick slices
A typical diffusion curve in a normoxic 400-f.1m slice is shown in Fig. IA . The analysis of such curves pro vided the data for the quantile plots shown in Fig. 2 , which display the entire population of results. From these data the authors found that A = 1.66 ± 0.05 (mean ± SD, n = 10), a = 0.25 ± 0.0 1, and uptake k' was 0.0 12 ± 0.003 s-' . These results were consistent with several other studies on in vitro and in vivo preparations (Ni cholson and Sykova, 1998) . Diffusion measurements on 1000-f.1m slices revealed that, for a given iontophoresis current, the curves were always much greater in amplitude ( Fig. I A) than were curves generated in 400-f.1m slices. From such curves the authors determined 11.= 1.99 ± 0.09 (n = 25), a = 0. 12 ± 0.02, and k' = 0.0005 ± 0.00 1 s-' (Fig. 2) . These values were similar to those recorded after terminal an oxia in the anesthetized rat (Sykova et a!., 1994) . How ever, the current result disagreed with the findings of Patlak et al. (1998) . Using several different radiotracers in thick slices of hippocampus, those investigators measured a tor tuosity that was even smaller than the value seen in 400-f.1m normoxic slices. The current study was unable to reproduce , volume fraction IX, and nonspecific uptake k' = 0 S-1 and k' = 1.7 x 10-2 S-1 for 1000-and 400-lJm slices, respectively, were extracted using an iontophoretic transport number n = 0.47, and free diffusion coefficient of TMA+ 0 = 1.22 X 10-5 cm2s-1. (8) Representative recording from 1000-lJm slice incubated with 70 kDa dextran in the bath. The values A., IX = 0.09, and k' = 1.7 x 10-3 S-1 were extracted using n = 0.5, and 0 = 1.24 x 10-5 cm2s-1. For comparison, a diffusion curve from 1 OOO-lJm slices incubated without dextran is also shown. (inset) Rising phases of theoretical diffusion curves, with TMN pulse prolonged beyond 50 seconds, are superimposed. The crossover points of curves (arrows) reflect the effects of the different tortuosities on the shapes of the curves. The amplitudes are primarily determined by the volume fractions.
the value of A measured by Patlak et al. (1998) in thick slices until it was realized that Patlak and coworkers had routinely included 70 kDa dextran in their ACSF.
Effect of dextran on diffusion in thick slices
Fresh-cut thick slices were incubated in ACSF con taining 70 kDa dextran. The same concentration of dex tran was included in the ACSF that subsequently bathed the slices in the recording chamber. Diffusion curves then differed in shape from those measured in ACSF without dextran (Fig. 1B) , and tortuosity was decreased to A = 1.54 ± 0.06 (n = 24; Fig. 2 ). In contrast, volume fraction further significantly diminished to a = 0.10 ± 0.01 when dextran was present ( Figs. 1 and 2) . Uptake, measured as k' = 0.00 17 ± 0.00 12 S -I , was larger than in thick slices lacking dextran ( Figs. 1 and 2) .
Dextran had no effect on tortuosity in normoxic slices where A = 1.62 ± 0.05 (n = 12, not significantly dif ferent from 400-f-lm slices without dextran based on t test), a = 0.21 ± 0.03, and k' = 0.0089 ± 0.0056 S -I . These results raised the issue of whether dextran could be effective in reversing the high tortuosity values seen in thick slices kept in dextran-free ACSF. To address this question, control measurements were obtained in slices incubated for at least two hours after the dissection and then dextran was added to the bath. In control slices bathed in dextran-free ACSF, A = 1.90 ± 0.04 and a = 0.131 ± 0.017 (n = 7); these values remained stable J Cereb Blood Flow Metab. Vol. 20. No.9, 2000 through the first hour of incubation in dextran (Fig. 3) . During the second hour of dextran exposure, tortuosity decreased to 1.76 (n = 2) and further declined to a plateau of A = 1.53 ± 0.03 (n = 7, significantly different from controls, P :S 0.001, t-test) measured between 4 and 6 hours (Fig. 3) . Volume fraction decreased to a = 0. 117 ± 0.002 after 4 hours of dextran incubation. A nonlinear regression using a four-parameter Hill plot (Fig. 3) suggested an asymptotic value of 1.5 for A.
DISCUSSION
The thick slice model was introduced by Newman and coworkers (1988) as a new and more accessible model of the ischemic penumbra. This model has been extensively characterized biochemically but little was known about the diffusion properties until the study of Patlak et al. (1998) revealed the paradoxical findings that prompted the current work.
Our initial experiments using the TMA + method in thick slices showed that tortuosity increased and volume fraction decreased, exactly as seen in many other studies using in vitro and in vivo ischemia in cortex, hippocampus, and spinal cord (Perez-Pinzon et aI., 1995; Lundbreck and Han sen, 1992; Sykova et aI., 1994) . In fact, the large increase of tortuosity measured in thick slices very closely mimics the change observed during ischemia in vivo, confirming that thick slices are a useful in vitro model for ischemia. Thus, the initial findings in the current study disagreed with the results obtained from thick slices using the ra diotracer technique by Patlak et al. (1998) . In those stud ies, the tortuosity measured with 14C-3-0-methylglucose C4C-30MG) and 4SCa2+ decreased from 1.53 and 1.52, respectively, measured in normoxic 400-l.l.-m slices, to l.l5 and 1.21, respectively, in 1000-l.l.-m slices. Surpris ingly, the same result was observed with the larger molecule, 14C-polyethylene glycol C4C-PEG, Mr 3,300). As seen for other macromolecules (Nicholson and Tao, 1993; Tao and Nicholson, 1996) , Patlak et aI. (1998) observed that the diffusion of 14C_PEG was slightly hindered in normoxic slices where A = 1.88, but this value still dropped to 1. 18 in thick slices. Patlak et aI. (1998) concluded that ECS became less tortuous in 1000-l.l.-m slices.
Because the findings of Patlak et aI. (1998) could not be replicated initially with the TMA + method, the ex perimental design of the original experiments was exam ined more closely. It seemed unlikely that differences in the radiotracer and TMA + techniques caused the dis crepancy. Both methods have been used in numerous studies and arrived at similar values in normoxic and ischemic tissue (Fenstermacher and Kaye, 1988; Nichol son and Sykova, 1998) . A comparison of experimental protocols did reveal, however, that Patlak at eI. (1998) included 70 kDa dextran in their preparation and incu bation buffers. In preparing slices, decapitation and dis section inevitably produce ischemia and trauma. These insults are accompanied by cellular water gain that can be reduced by dextran and other high molecular weight compounds (Pappius and Elliot, 1956; Banay-Schwartz et aI., 1974; Newman et aI., 1995) . For this reason, Patlak et al. (1998) routinely included 70 kDa dextran in their slice media. slices. All slices were kept in dextran-free ACSF for at least 2 hours after brain dissection (diss.) and slicing. A large symbol at time point 0 hours (mean ± SD, n = 7) represents control mea surements before 70 kDa dextran application. Small symbols cor respond to one record each obtained after the exposure to dex tran. The curve represents the fit obtained with a Hill nonlinear regression" = "0 + at b /(c b + t b ), where "0 = 1.91; a = -0.41; b = 3.1 8; and c = 2.07. The asymptotic value of " for large tis 1.5.
We found that when 70 kDa dextran was included in their ACSF, A did indeed fall to 1.54 in 1000-fLm slices from its value without dextran, which was 1.99. Uptake (that is, k') was also significantly larger with dextran, possibly ret1ecting increased loss of TMA + in the super fusing ACSF because of decreased hindrance of the tissue.
It remained possible that the presence of dextran in the bath from the time of dissection may have prevented the tortuosity increase by mitigating structural changes caused by the initial ischemia and trauma of slicing. To test this possibility, thick slices were incubated in normal ACSF for varying periods before applying dextran. An identical decrease in tortuosity was observed when dex tran was introduced to thick slices after a delay of at least two hours from the dissection. It took up to 4 hours for the drop in tortuosity (from 1.90 to 1.53) to occur, which was consistent with the idea that dextran had to diffuse into the slice. As mentioned in the Methods section, we had estimated that the concentration of 70 kDa dextran in the center of a thick slice might reach approximately 30% of bath concentration after 4 hours incubation. This was consistent with the need for prolonged incubation in dextran to decrease the tortuosity. Alternative mecha nisms, not requiring the physical presence of dextran in the center of the slice, would probably allow the changes to develop much sooner. Therefore, we concluded that the effect of dextran on tortuosity was not related to the initial conditions of the slice.
It is commonly thought that a decrease in ex accompa nies, and possibly causes, an increase in A during isch emia. However, the current data show that A and ex can change independently in ischemic tissue because A dropped from 1.99 to 1.54, whereas ex decreased from 0. 12 to 0. 10 when dextran was added to the bath. Other recent studies have shown the independent behavior of A and ex during X-irradiation (Sykov:1 et aI., 1996) and osmotic stress (Krizaj et a!., 1996; Chen and Nicholson, 2000) .
The mechanism responsible for reduction of tortuosity in thick slices is unclear. One conjecture, related to that given by Patlak et ai. (1998) , is the following: it is es tablished that during ischemia brain cells swell and the volume fraction decreases by approximately 50%. This will bring about a reduction in width of the interstitial spaces of the brain. Although the width is often stated as 150 to 200 A, the spaces almost certainly vary in size. If one assumes that some of the smaller channels form dead end pores, this would account for the increase in tortu osity that accompanies ischemia. The increase in A, with a dead end pore, occurs because diffusing molecules spend more time in such structures than when the chan nels are open at both ends. Dextran (70 kDa), with a Stokes radius of 81 A (Nicholson and Tao, 1993) could block the entrance to some of these pores, preventing molecules from being transiently trapped. This blockage .r Cereh Blood Flow Metab. Vol. 20. No.9. 2000 would diminish ex by a small amount, as is actually ob served. To determine whether or not this is a viable ex planation will require further studies with additional macromolecules to clarify the mechanism underlying the dextran-induced paradoxical decrease in tortuosity of ischemic brain tissue.
